We have developed an in situ TEMZL apparatus, which enables us to excite PL emissions from a microscopic area of a specimen inside a TEM. The microscopical area of 20 pm can be examined by TEM, PL, and CL methods under the same experimental conditions. The apparatus may be applied to a transmission electron microscope of side-entry type with a minor modification. The apparatus is extremely useful for microscopic characterization of structural and electronic properties in an inhomogeneous material. Utilizing the apparatus, we have examined the spatial distribution of extended defects and point-defect complexes in CVD diamond. The apparatus will be utilized to study the structural and optical properties of materials under electron irradiation. 0 I995 American Institute oj' Physics.
INTRODUCTION
For investigating structural, optical, and electronic properties of lattice defects in semiconducting materials, transmission electron microscopy (TEM) ' and optical spectroscopy, such as cathodoluminescence (CL)2-" and photoluminescence (PL)7-9 methods, have representatively been utilized. The former is usually applied to analyzing nature, distribution, chemical compositions, and atomic structures of rather extended defects, whereas the latter is used for studying point-defect complexes.
For the purpose of characterizing the properties in the same microscopical area, the TEM-mode CL method, whose spatial resolution is less than 1 pm, has extensively been utilized.3-6 However, in certain cases electron irradiation may create lattice defects and then alter electronic properties of materials temporarily or permanently. Moreover, electron excitation causes not only radiative electronic transitions but also many nonradiative recombination events, and some emissions are therefore suppressed in CL.
The PL method can supplement the weak points in CL. By choosing a suitable excitation wavelength, intense PL emission due to a lattice defect is observed. The TEM method and PL spectroscopy have so far been performed by utilizing independent instruments, and therefore the same microscopic area has not usually been studied (ex situ TEM/PL observation). In this paper, we report a new apparatus which enables us to obtain simultaneously the complementary data of the same microscopic area, i.e., structural data in higher spatial resolution by TEM and optical data by PL (in situ TEM/pL observation). The apparatus is extremely useful for microscopic characterization of structural and electronic properties in an inhomogeneous material. The apparatus will be further applied to study optical properties of ionized materials under electron irradiation.' Of course, CL spectra are observable without any modifications of the apparatus, as in previous studies.3-6
Ii. DESCRIPTION
We have developed an in situ TEM/PL observation apparatus, which is installed in a JEOL 2000EX transmission electron microscope of side-entry type. For optical excitation, the top surface of a specimen is illuminated by a laser beam as shown in Fig. 1 . The laser beam is introduced into the TEM through an optical window of 40 mm diameter which is attached on the side of the TEM column. The laser beam is then reflected to the specimen by a reflection mirror in the column, which is located above the objective lens-and on the axis of an electron beam. The electron beam passes through an opening of 5 mm diameter in the middle of the reflection mirror. The opening is large enough to tilt the electron beam by 2.5" with regard to the optical axis of the objective lens for dark field imaging experiments. Thus the specimen is illuminated simultaneously by both electron and laser beams. The small opening in the mirror does not decrease the reflection efficiency of laser light significantly.
In detail, the laser beam is first converged outside the TEM and passes through a pinhole of 10 ,um diameter for making a virtual point source. The divergent beam from the pinhole is then focused on a specimen surface by an optical convex lens (focal distance: 300 mm) outside the TEM, which attaches to a computer-aided lens-position control unit. The position of the laser spot can be shifted by displacement of the lens horizontally. The system may be applied to a transmission electron microscope of side-entry type with a minor modification.
A specimen generally exhibits CL emission during TEM observation. In order to distinguish PL emission from CL, PL spectra are observed when the illumination of an electron beam is suspended. For collecting luminescent light from the specimen, we use an ellipsoidal mirror, which is inserted inside the gap of the pole pieces of the objective lens and is located above the specimen. The long and short radii of the ellipse are, respectively, 19.8 and 7.0 mm, the two foci being 37 mm apart. The mirror is truncated in part so that the electron beam illuminates the specimen while collecting luminescent light. In order to collect luminescent Light efficiently, the mirror is movable along the three orthogonal axes in accuracy of a few micrometers; a focal point can be precisely adjusted to coincide with the luminescent point. A similar mirror has commonly been used for collecting CL emission in a TEM.3-6 Collected light is guided to the outside of the evacuated column through an optical window of 4 mm diameter, and is then focused on the end of an optical fiber (230 ,um in diameter) which is located at the other focal point of the ellipsoidal mirror. Focused light is introduced in a monochromator through the optical fiber.
We have attached an optical-monitoring system for observing a specimen inside a TEM. This system is a requisite in order that the locations of electron and laser beams coincide on a top surface of the specimen. The optical path of the monitoring system is partly in common with that of the laser beam as seen in Fig. 1 . Emitted light from a bulb passes through a half mirror, reflects at the reflection mirror, and illuminates the specimen. Optical images of the specimen are magnified by a telescope equipped with a CCD camera, the final magnifications on a CCD monitor being 150X.
Ill. PERFORMANCE A. TEM observation
It is emphasized that the attached apparatus does not interrupt any electron imaging and diffraction experiments. A specimen is mounted on a conventional specimen container of side-ently type, and is placed at the standard specimen position inside a TEM. The tilt angle of the specimen is limited to k25' on the container for room-temperature observation, t5" for high (below 1100 K) or low-(above 20 K) temperature observation, since an ellipsoidal mirror for collecting luminescent light is also inserted inside the gap (20 mm) of the magnetic pole pieces of the objective lens. The spatial resolution of TEM observation is estimated to be 0.5 nm.
B. PL spectroscopy
For PL experiment, a laser beam is focused on a top surface of a specimen in a TEM. The laser power transmitted to the specimen is estimated to be about 1% of the primary laser output. The laser spot on the specimen cari be laterally shifted in the accuracy of 1 ,um. At the present time, the focused laser spot of 20 pm diameter is obtained on the specimen surface.'The spatial resolution of our PL measurements is therefore rather poor in comparison with CL, whose spatial resolution is similar to the size of an electron beam, i.e., far smaller than 1 ,um. The size of the spot is limited, in our experiment, by the long focal distance of a focusing lens outside of the TEM. It is necessary to attach another focusing lens near the specimen in order to obtain a better spatial resolution of PL.
Luminescent light is introduced in a monochromator through an optical window and optical fiber. Considering the reflection at the window and the end of the optical fiber, we expect that about 10% of luminescent light is collected. It is possible to measure polarization of PL by placing a polarizing plate on the end of the optical fiber. Figure 2 shows the optical and TEM images of a Cu grid under both electron and laser illumination. In the optical image with illumination by a bulb [ Fig. 2(a) ], the laser spot is clearly visible as well as the Cu grid. By inspecting a characteristic shape of the specimen observed in both optical [as seen in Fig. 2(a) ] and TEM [as seen in Fig. 2(b) ] images, it is possible 10 converge the electron beam in the area under laser illumination. This method is generally applied to any specimens, even though the accuracy of the coincidence is rather poor at the present time.
C. Coincidence of the area of TEM and PL measurements
In another method in which two kinds of beams coincide more accurately, we observe CL emission from a specimen directly by the optical-monitoring system. The method is demonstrated in Fig. 3 , in which the observed specimen is diamond. The optical images in this figure were observed without illumination of a bulb. In Fig. 3(a) , a focused laser beam on the specimen (smaller than 20 pm diameter) is designated by 1, while the spot designated by 2 is due to CL; in other words, the area was illuminated by a focused electron beam. By precisely adjusting the location of the optical lens outside the TEM, the two bright spots coincide as shown in Fig. 3(b) .
IV. EXPERIMENTAL DEMONSTRATION
We have applied the new apparatus to examine lattice defects in diamond. Complexes of point defects and impurities in diamond, forming several kinds of color centers, have been extensively studied toward applying them to optical devices.'O They have been introduced in a crystal by various techniques such as impurity doping as well as annealing and various kinds of irradiation, either during or after crystal Fig. 4(c) . Only the 575 nm center is observable.
growth. lo Recently, diamond crystal has commonly been synthesized by chemical vapor deposition (CVD), in which numerous grown-in extended defects have inevitably been formed inhomogeneously."-' It was suggested by x-ray topography and ultraviolet absorption's that optical properties of diamond films are associated with lattice defects, in which the two kinds of experiments were performed of the same microscopic area and in sequence. In order to understand the correlation of color centers to extended defects in CVDdiamond film in higher spatial resolution, we have examined the spatial distribution of the complexes and the extended defects in a crystal by the apparatus.
Specimens were CVD-diamond films, which slightly contained nitrogen atoms as impurities.17 Complexes were introduced in the specimens" by annealing at 1200 K subsequent to electron (20 MeV) irradiation with a fluence of 1019 cmd2. PL &mission was excited at 130 K by an Ar-ion laser, 514.5 nm of the wavelength. The laser power reached on the specimen was estimated to be 2-3 mW, and the wavelength resolution was 0.8 nm in PL and CL spectra.
A. TEM images
A weak-beam TEM image in Fig. 4(a) , taken with (110) incidence, reveals the microstructure of a grain. The defects are identified, by standard diffraction-contrast techniques, to be microtwins lying on (11 I} planes, as reported before." -'6 The twins are evidenced by extra spots in a corresponding selected-area diffraction pattern [ Fig. 4(b) ]. Diffuse streaks normal to the (111) planes are attributed to the presence of stacking faults associated with the microtwins. We have found that the density of the microtwins is very inhomogeneous in the specimen. The average density of the microtwins in the encircled area shown in Fig. 4(c) , which includes the grain shown in Fig. 4(a) , is estimated to be lOI cm-2.
B. PL spectra A laser beam was focused on the area shown in Fig. 4(c) for exciting PL emission. In the corresponding PL spectrum shown in Fig. 5 , the emissions due to the NV and 575 nm centers, which were introduced by electron irradiation and subsequent annealing, are observable. The former center is composed of a substitutional nitrogen atom and a vacan~y,"~ and the latter one consists of a single nitrogen atom and one vacancy"' or more vacancies." The two components of the centers in the spectrum are separated as shown in Fig. 5 , and the ratio of the intensity of the 575 nm center to that of the NV center is estimated to be 0.27. It is occasionally found that the relative intensities of the two kinds of centers vary in microscopic areas. This suggests that the centers are inhomogeneously introduced depending on the distribution of the microtwins, etc., which is revealed by TEM. The correlative distribution between the centers and the twins, etc., will be examined in a future work.
C. CL spectra CL emission was also observed from the same microscopic area as observed by the TEM [Fig. 4 (c)] and PL (Fig.  5) methods. The CL spectrum is shown in Fig. 6 . As previously known, the emission from the NV center is suppressed in CL.'" Therefore, the spectrum from the 575 nm center is only observable.
V. CONCLUSION
We have developed an in situ TEM/PL observation apparatus, whose specifications are summarized in Table I . This new apparatus enables us to excite PL emission from a microscopic area of a specimen inside a TEM. It is emphasized that the microscopic area of 20 ,um can be examined simultaneously by TEM, PL, and CL methods under the same experimental conditions. In order for the positions of the electron and laser beams on the specimen surface to coincide accurately, the specimen is monitored optically from the outside of the TEM.
The apparatus is extremely useful for microscopic characterization of structural and electronic properties in an inhomogeneous material. Utilizing the apparatus, we have investigated lattice defects ..in microscopic areas of CVD diamond. The apparatus will be utilized for studies of structural and optical properties of materials under electron irradiation.
